Targeted deletion of two members of the FE65 family of adaptor proteins, FE65 and FE65L1, results in cortical dysplasia. Heterotopias resembling those found in cobblestone lissencephalies in which neuroepithelial cells migrate into superficial layers of the developing cortex, aberrant cortical projections and loss of infrapyramidal mossy fibers arise in FE65/FE65L1 compound null animals, but not in single gene knockouts. The disruption of pial basal membranes underlying the heterotopias and poor organization of fibrillar laminin by isolated meningeal fibroblasts from double knockouts suggests that FE65 proteins are involved in basement membrane assembly. A similar phenotype is observed in triple mutant mice lacking the APP family members APP, APLP1 and APLP2, all of which interact with FE65 proteins, suggesting that this phenotype may be caused by decreased transmission of an APP-dependent signal through the FE65 proteins. The defects observed in the double knockout may also involve the family of Ena/Vasp proteins, which participate in actin cytoskeleton remodeling and interact with the WW domains of FE65 proteins.
Introduction
The mammalian FE65 protein family consists of FE65, FE65L1 and FE65L2. This class of scaffolding proteins has three structural domains, which include a WW and two phosphotyrosine binding domains (PID1/PTB1 and PID2/ PTB2) that mediate protein-protein interactions. All FE65 protein family members bind members of the APP protein family (APP, APLP1 and APLP2) through the C-terminal PID2/PTB2 domain (King and Turner, 2004) . The PID1/ PTB1 domain of FE65 mediates binding to the low-density lipoprotein receptor-related protein, the histone acetyltransferase Tip60 and the transcription factor CP2/LSF/LBP1, whereas the WW domain of FE65 mediates its interaction with the Ena/Vasp proteins and the non-receptor tyrosine kinase Abl (Lambrechts et al, 2000; Cao and Sudhof, 2001; Zambrano et al, 2001; King and Turner, 2004) .
APP processing can be regulated by the expression of FE65 family members in cultured cell lines. Higher levels of secreted Ab, APPsa and APP C-terminal fragments including the g-secretase-derived APP intracellular domain (AICD) have been reported upon overexpression of the FE65 proteins (King and Turner, 2004) . FE65 also regulates gene transcription through interaction with APP protein family members (Cao and Sudhof, 2001; Bruni et al, 2002; Scheinfeld et al, 2002; Hass and Yankner, 2005) . In addition, FE65 and APP may function in membrane extension and motility through their association with Mena; this possible function was proposed because MDCK cells overexpressing APP695 and FE65 showed accelerated wound healing (Sabo et al, 2001) . Despite these findings, our understanding of the physiological importance of the molecular events that are regulated by the protein-protein interactions of the FE65 protein family is limited.
Recent studies have begun to address the in vivo function of the FE65 proteins using reverse genetics. A deletion allele of the single Caenorhabditis elegans FE65 gene (feh-1) causes developmental arrest at the late embryo or L1-larva stage and results in starvation due to increased pharyngeal pumping, which was recently shown to be associated with decreased acetylcholinesterase activity Bimonte et al, 2004) . Similarly, siRNA knockdowns of the single C. elegans APP gene (apl-1) produced a pharyngeal pumping defect . These data indicate that the FE65/APP interaction regulates an essential physiological process at the neuromuscular junction. Furthermore, an isoform-specific FE65 knockout has been generated in mice (Wang et al, 2004) . These animals lack the 97 kDa isoform of FE65, but show a five-fold upregulation of the 60 kDa isoform of FE65 in mutant brains. No gross neuroanatomical brain abnormalities were observed, possibly due to functional compensation by the elevated levels of the 60 kDa isoform or by other FE65 family members (Wang et al, 2004) .
In order to understand the function of the FE65 proteins in mammalian brain, we have generated mice that are deficient for two of the three FE65 protein family members, FE65 and FE65L1. Characterization of the single knockout mice revealed no abnormalities. However, the FE65 À/À ; FE65L1 À/À mice displayed neuroanatomical abnormalities in the cortex and hippocampus that include the same types of marginal zone heterotopias, midline crossing defects and axonal pathfinding abnormalities occurring in animals lacking APP family members or for the latter two phenotypes in mice lacking Ena/Vasp proteins. Our findings suggest that FE65 family members cooperate with these proteins in controlling the development of the mammalian brain.
Results

Generation and characterization of mice lacking FE65 and FE65L1
FE65 is widely expressed in the adult mouse brain (King and Turner, 2004) . However, little is known about the expression of FE65L1 and FE65L2 in brain. We performed in situ hybridization analyses of adult wild type (WT) mouse brain slices using antisense probes specific for FE65, FE65L1 and FE65L2, and found a similar spatial distribution in the brain for all three family members (Supplementary Figure S2) , suggesting possible functional redundancy for the three FE65 proteins.
To better understand the role of the FE65 protein family in the central nervous system (CNS), we generated mice with targeted alleles for FE65 and FE65L1 (Supplementary Figure  S1A) . Mice lacking only FE65 or FE65L1 were indistinguishable from their WT littermates, viable and fertile, and histological examination of adult brains revealed no obvious neuroanatomical abnormalities (Supplementary Figure S1D) .
However, live FE65 À/À ; FE65L1 À/À progeny were found at a lower Mendelian frequency than expected at P21, whereas embryos (E12.5-E16.5) and perinatal pups (E18.5-P0) were closer to the expected frequency, indicating that death occurs between birth and weaning in the double mutants due to unknown causes (Table I) . Viable FE65
À/À
; FE65L1 À/À mice are smaller than their littermates (Table II) and often displayed bilateral circling. Routine histological staining of the major organs revealed no overt anatomical abnormalities (data not shown). Figure S1E) , and immunostaining for NeuN indicated that neurons were present in these heterotopias (data not shown). Heterotopias were found in frontal and parietal cortices, but were absent from the cerebellum and olfactory bulb.
Neuronal ectopias form during cortical development in FE65
The development of the cortical plate begins with neurogenesis and an initial wave of neuronal migration to form the preplate. Successive waves of newly differentiated neurons migrate from the ventricular zone to the preplate, causing the preplate to split, producing the marginal zone (layer 1 in the adult cortex) and subplate, and leading to the eventual assembly of the six layers that form the cortical plate (Marin and Rubenstein, 2003 ; FE65L1 À/À brains ( Figure 1B) , not present in control E18.5 brains ( Figure 1A ), indicated that heterotopias formed prior to birth. Cortical lamination appeared normal in the surrounding parenchyma, but heteretopias were often associated with a stream of cell bodies directed toward the ectopic cell foci ( Figure 1D ). Disruption of the pial membrane and occupation of the subarachnoid space by cell bodies ( Figure 1D ) was not detected in control neocortices ( Figure 1A and C). Although the size of the foci increased incrementally with increases in brain volume, partial loss of viability for the FE65 Figure 1F compare to Figure 1E ).
These data suggest that ectopia formation in these mice is not restricted to neuronal migration events occurring exclusively during the development of the cortical plate.
Localized displacement of reelin-positive neurons in FE65
Reelin, a large secreted protein essential for establishing the inside-out layering of the neocortex, is expressed by CajalRetzius (CR) neurons residing in the marginal zone of the developing embryonic cortex (Marin and Rubenstein, 2003) . Signaling events mediated by the binding of reelin to its receptors, ApoER2 and VLDLR, are essential for normal cortical lamination and may act by altering the adhesive properties of neurons (Trommsdorff et al, 1999; Ballif et al, 2004) . Loss or mislocalization of CR neurons has been associated with the formation of neuronal ectopias and disorganization of the surrounding cortical layers (Hartmann et al, 1999; Graus-Porta et al, 2001; Ligon et al, 2003; Herms et al, 2004) . To determine whether CR cells are mispositioned in the cortex of FE65 À/À ; FE65L1 À/À brains, cortical slices from E18.5, E14.5 and E12.5 mice were immunostained with an anti-reelin antibody. In WT embryos, staining of reelin and the large CR cells was observed as a uniform layer in the marginal zone (Figure 2A and C). By contrast, CR cells were displaced by clusters of ectopic neurons in E18.5 ( Figure 2B ) and E14.5 brains ( Figure 2D ). However, diffuse reelin staining, representing secreted reelin, could be detected in the marginal zone surrounding heterotopic neurons in E14.5 FE65 Figure 2D ). Furthermore, reelin staining in the marginal zone of WT and compound mutant animals appeared similar. Thus, there is no striking loss of CR neurons or reelin throughout the marginal zone of mutant mice. In fact, in E12.5 brains, the ectopic cells express reelin ( Figure 2I and J). CR cells are born between E10.5 and E12.5 at several focal sites including the ventral pallium from which they are redistributed to the marginal zone by tangential migration (Bielle et al, 2005) . Thus, mislocalization of radially migrating neuroepithelial cells in the developing cortex (pallium) and tangentially migrating reelin-positive interneurons in the ventral pallium suggests that neuron mispositioning is due to defects in the local environment.
Disruption of the pial-meningeal basement membrane in FE65
Mice lacking basement membrane constituents or proteins that play a prominent role in cell adhesion and adhesiondependent signaling events display abnormal cortical development and focal marginal zone heterotopias (Blackshear et al, 1997; Georges-Labouesse et al, 1998; Graus-Porta et al, 2001; Halfter et al, 2002; Moore et al, 2002; Beggs et al, 2003) .
To examine the integrity of the basement membrane in the FE65
; FE65L1 À/À mice, we stained mutant embryonic brains for chondroitin sulfate proteoglycans (CSPGs) and laminin. CSPGs are abundant in the marginal zone and subplate during cortical plate development, whereas laminin localizes to the pial basement membrane and cerebral vasculature (Bicknese et al, 1994) . Both CSPG and laminin staining were reduced in regions of the marginal zone that contained heterotopic neurons ( Figure 2F and H) when compared to E14.5 WT embryos ( Figure 2E and G). However, CSPG staining of the subplate in FE65
; FE65L1 À/À mouse brains did not differ significantly from control brains ( Figure 2F and E). Furthermore, a dramatic disruption in both CSPG ( Figure 2L ) and laminin ( Figure 2N ) staining at sites of heterotopic neurons in E12.5 FE65 À/À ; FE65L1 À/À mice was indicative of a discontinuity in the pial basement membrane when compared to control embryos ( Figure 2K and M). Thus, foci of ectopic cells in the developing cortical plate and ventral pallium of FE65 À/À ; FE65L1 À/À mice may be due to defects in the pial basement membrane.
FE65/FE65L1-deficient meningeal fibroblasts show altered laminin organization
Marginal zone heterotopias associated with a disruption in pial laminin develop in focal adhesion kinase (fak)-flox embryos derived from crosses with mice expressing Cre in neuroepithelial precursors and after injection of adenovirus bearing CMV-Cre to the brain outer surface (Beggs et al, 2003) . In contrast, no heterotopias were identified in conditional knockouts obtained by crossing fak-flox and nexin-Cre mice, which produces a neuron-specific FAK knockout (Beggs et al, 2003) . These data indicate that loss of the signaling response of meningeal fibroblasts to the ECM is sufficient to produce overmigration of cortical neurons. Furthermore, FAK-deficient meningeal fibroblasts show disorganized laminin (Beggs et al, 2003) . To determine whether FE65 À/À ; FE65L1 À/À meningeal fibroblasts also display altered laminin organization, we performed laminin immunocytochemistry on primary meningeal fibroblasts from WT and FE65 À/À ; FE65L1 À/À brains. Meningeal fibroblasts from WT mice produced laminin that was arranged in a fibrillar and punctate pattern, whereas meningeal fibroblasts from FE65 À/À ; FE65L1 À/À mice showed a reduction in punctate laminin and a lack of fibrillar laminin at the cell periphery ( Figure 3 ). In addition, meningeal fibroblasts from FE65 À/À ; FE65L1 À/À mice showed an increase in F-actin fiber thickness but fewer fibers compared to WT (Figure 3 ), possibly reflecting the response of these cells to loss of peripheral laminin. These data are consistent with heterotopia formation in the FE65 À/À ; FE65L1 À/À being caused by a basement membrane defect at the pial surface resulting from meningeal cell dysfunction. Furthermore, in contrast to what has been observed in presenilin-1 (PS1)-deficient mice, which also display marginal zone heterotopias (Hartmann et al, 1999) , fibrosis of the meninges does not occur in FE65
mice ( Figure 3B ), nor was it reported for the APP/APLP1/ APLP2 triple knockout (Herms et al, 2004) .
APP expression and processing changes do not account for heterotopia formation
As mice lacking all three APP family members develop marginal zone heterotopias (Herms et al, 2004) , we performed IHC staining for APP and APLP2 using the A8717 antibody to determine whether overmigrating neurons expressed APP proteins. Our results indicate that neuronal overmigration is not due to loss of APP/APLP expression in the mispositioned neurons ( Figure 4A ). Similar results were obtained using the 22C11 antibody (data not shown). Furthermore, no decrease in APP/APLP2 steady-state levels were observed in whole brain lysates of FE65 À/À ; FE65L1
À/À mice compared to WT and single knockout mice ( Figure 4B ). In addition, no changes in APP/APLP2a levels in brain lysates, cellular APP from primary cultured neurons and glial cells or secreted APP or CSPG-APPs levels from conditioned media were found (data not shown), thus precluding the simple explanation that common phenotypes between these two mouse mutants were due to loss of APP proteins or their a-secretase-derived products. Furthermore, APP/APLP2 localization did not differ in cultured WT and FE65 Figure S3) .
Interestingly, a significant decrease in brain Abx-42 levels was observed for adult FE65 À/À mice (10.1%, P ¼ 0.03, n ¼ 11) and FE65
À/À
; FE65L1 À/À mice (11.4%, P ¼ 0.022, n ¼ 12) when compared to WT (n ¼ 12), whereas no significant changes in Abx-40 were observed ( Figure 4C ). When the comparison was restricted to animals of the same sex, no significant differences in Abx-40 and Abx-42 levels were observed between female mice, nor were any significant changes observed between WT and FE65 À/À male mice.
However, the reduction in Abx-42 levels for FE65
À/À mice compared to WT males became more pronounced (23.4%, Pp0.005) and a similar trend was observed for Abx-40 (14.5% reduction) in these animals but it was not statistically significant. These data indicate subtle sex-dependent changes in Ab levels in the FE65 Figure 5A and B). Silver staining of coronal sections also revealed defects in the mossy fiber pathway formed by dentate granule cell axons. In WT hippocampi, mossy fiber bundles extend from dentate granule cells and run through the hilus of the dentate, above (suprapyramidal) and below (infrapyramidal) the pyramidal cell layer of the CA3 region ( Figure 5C ). By contrast, the infrapyramidal blade of the dentate gyrus in the FE65 adult mouse brains compared to WT. Western blot analyses using 22C11 and anti-b-tubulin (reprobe) on two mouse brain diethylamine extracts per genotype. Bar chart shows average APP steady-state levels that were normalized to b-tubulin (as load control), with standard error bars for
Axonal projection defects are varied in the FE65
; FE65L1 À/À (n ¼ 9) mouse brains. No significant difference was observed between genotypes. (C) Abx-40 and Abx-42 levels in diethylamine brain extracts of WT (n ¼ 5F, 7M), the thalamus and lacks mossy fiber axons ( Figure 5D ). This does not occur in FE65
destruction of meningeal cells of the dentate anlage results in almost complete loss of the infrapyramidal blade of the dentate gyrus (Hartmann et al, 1992) , suggesting that the defective infrapyramidal blade of the dentate gyrus and loss of the associated mossy fibers in the FE65 À/À ; FE65L1 À/À mice may also be due to dysfunctional meningeal cells. The major axonal projection pathway joining the two hemispheres, the corpus callosum, is also disrupted in FE65 À/À ; FE65L1 À/À mice ( Figure 5A ). Agenesis of the corpus callosum was observed in all adult (n ¼ 5) and E18.5 (n ¼ 3) FE65 À/À ; FE65L1 À/À mouse brains that were examined for this defect ( Figure 5B ). However, no callosal abnormalities were detected in WT (n ¼ 6) mice, single knockout mice (FE65 À/À n ¼ 2; FE65L1 À/À n ¼ 3) or mice lacking three of the four FE65 and FE65L1 alleles (E18.5, n ¼ 2; adult, n ¼ 4). Probst bundles, which consist of callosal axonal projections that have grown toward but have failed to cross the midline (Ozaki and Wahlsten, 1993) , were visualized in several FE65
À/À ; FE65L1 À/À mouse brains (see Figure 5B) . A variable frequency of callosal agenesis has been reported for the 129 inbred strain background, depending on the substrain (Magara et al, 1999) . However, combined deficiency of FE65 and FE65L1 dramatically increased the frequency of callosal agenesis above that of the underlying genetic predisposition contributed by the 129SvEvBradley strain background and partial FE65/FE65L1 loss in our hybrid strain background (129SvEvBradley Â C57BL/6). Neural connections are established at the time of neuronal migration during cortical development. Ectopic axon bundles were observed in FE65
À/À adult (n ¼ 2) and embryonic (n ¼ 3) brains ( Figure 5E and F, respectively). 
; FE65L1
À/À mice (F). E18.5 brain slices were stained with Tuj1 (red) and counterstained with DAPI (blue) (F). Arrows indicate the position of fiber bundles and arrowheads indicate breaks in the marginal zone where DAPI-positive cells have invaded and migrated into the subarachnoid space. cc, corpus callosum; dg, dentate gyrus; f, fimbria; mf, mossy fibers; spmf, suprapyramidal mossy fibers; ipmf, infrapyramidal mossy fibers; P, Probst bundle. Scale bar, 250 mm (A).
These axon bundles traverse the cortex in a radial orientation and appear to be directed toward heterotopic cell bodies ( Figure 5F ). Thalamocortical axons produce collaterals that begin to radially enter the cortex at E16 (Bicknese et al, 1994; Del Rio et al, 2000) . To examine axonal projections during development, we stained E16.5 FE65 À/À ; FE65L1 À/À brains with antibodies directed against the neural cell adhesion molecules L1 and TAG-1, which have been reported to label thalamocortical axons and cortical efferents, respectively (Fukuda et al, 1997) . TAG-1 staining of E16.5 WT and FE65 
Discussion
In the present study, we examined the consequences of FE65 and FE65L1 deficiencies on mammalian brain development in mice. Until now, our understanding of the function of the FE65 family in vivo was limited to its role at the C. elegans neuromuscular junction Bimonte et al, 2004) . We report that the FE65 and FE65L1 proteins are required for integrity of the pial basement membrane, neuronal positioning and the establishment of normal axonal projections during cortical development. Furthermore, the phenotypes of the FE65 and FE65L1 double knockout share remarkable similarities with that reported for mutant mice lacking FE65-binding partners, the three members of the APP gene family, that is APP, APLP1 and APLP2 (Herms et al, 2004) , and the Ena/Vasp protein family (Lanier et al, 1999) . Molecules implicated in neuronal migration such as those necessary for locomotion, nucleokinesis and adhesion of migrating neurons along radial glia contribute to cortical development (Marin and Rubenstein, 2003) . Reelin, a key molecule for cortical lamination, has been proposed to act either as an attractant or a stop signal for neuronal positioning in the terminal phase of radial migration (Soriano and Del Rio, 2005) . Premature loss of CR neurons from the marginal zone produces defects in neuronal positioning in the cortex, possibly resulting from defective reelin-dependent regulation of radial glia (Soriano and Del Rio, 2005) . Disruption of the 'limiting membrane', consisting of radial glia endfeet and basal lamina, is often associated with a phenotype that resembles the FE65 À/À ; FE65L1 À/À heterotopias, resulting in the accumulation of ectopic neurons in the marginal zone and subarachnoid space (Lambert de Rouvroit and Goffinet, 2001; Marin and Rubenstein, 2003) . PS1-or APP/ APLP1/APLP2-deficient mice, which also develop focal heterotopias, are associated with reduced numbers of CR neurons throughout the marginal zone (Hartmann et al, 1999; Herms et al, 2004) . Although a 37% reduction in marginal zone CR cells is observed in E18.5 but not E14.5 APP/APLP1/ APLP2-deficient mice, it remains possible that cell dysfunction occurs at the onset of cortical layer formation, resulting in cell death at a later developmental stage. In the FE65 À/À ; FE65L1 À/À mice, we cannot exclude the possibility that CR neuron function is suboptimal. However, neither the reelinpositive neurons nor reelin levels appeared to differ significantly in these mice. Cell adhesion plays a central role in neuronal migration and positioning during cortical plate formation. The ECM proteins of the basal lamina are secreted by meningeal fibroblasts located at the interface of the cortical plate and subarachnoid space. Focal marginal zone heterotopias have been observed in mice deficient for molecules that regulate cell adhesion, integrins, dystroglycan and FAK (GeorgesLabouesse et al, 1998; Graus-Porta et al, 2001; Moore et al, 2002; Beggs et al, 2003; Niewmierzycka et al, 2005) or in ECM molecules that are components of the pial basement membrane such as laminin g1 and perlecan (Costell et al, 1999; Halfter et al, 2002) . In these mutants, CR neurons were either found at deeper levels in the cortical plate or were pushed aside by ectopic neurons and were associated with local disruption of cortical layers, similar to what we observed for the FE65
À/À mice. Pial basement membrane disruption is not always observed when neurons overmigrate (Ligon et al, 2003) . This finding and our observation that a defective pial membrane is associated with ectopic neurons as early as E12.5 in the FE65
; FE65L1 À/À mice supports the hypothesis that pial basement membrane disruption is the primary defect in these mice. Our findings that FE65 À/À ; FE65L1 À/À primary meningeal fibroblasts fail to organize fibrillar laminin and have altered laminin distribution compared to WT fibroblasts further support this hypothesis and suggest defects in meningeal cells that may extend to the production and secretion of neuronal growth cone inhibitory CSPG molecules (Shearer et al, 2003) . Inappropriate positional cues from the ECM to migrating neurons, regardless of their mode of migration (tangential or radial), may lead to aberrant positioning of neurons in FE65
A role for the APP protein family in cell adhesion is supported by binding of APP to type 1 collagen, laminin, fasciclin II, the heparan sulfate proteoglycan glypican-1, and disruption of the epithelial cell layers in wings of APP transgenic Drosophila (Kibbey et al, 1993; Williamson et al, 1996; Coulson et al, 2000; Ashley et al, 2005) . Furthermore, colocalization of FE65, APP and b1-integrin has been reported in adhesion sites of dynamic membranes known as focal complexes (Sabo et al, 2001) . Taken together, these data suggest that defective ECM deposition and neuronal adhesion may be responsible for cortical neuron positioning defects in both the APP/APLP1/APLP2 and the FE65/FE65L1 compound null mice. Our results suggest that disruption of FE65 family members alters laminin distribution through its effects on APP/APLP function. As the FE65 proteins bind APP family members and have been shown to modulate APP processing in cell culture, it is tempting to speculate that modulation of APP/APLP processing is responsible for the shared cortical phenotypes for these knockout mice. Our data do not support this hypothesis, as Ab levels were marginally decreased only in male FE65 À/À ; FE65L1 À/À brains, whereas heterotopias are detected in both male and female mice. The reasons for this sex-specific decrease in brain Ab are presently unclear.
Importantly, however, our data confirm that FE65 proteins participate in the modulation of APP processing in vivo and our findings are consistent with the reported decrease in Ab in p97
À/À /APP transgenic cortical neuronal cultures (Wang et al, 2004) .
FE65 was shown to play a role in AICD-dependent transcriptional activation (Cao and Sudhof, 2001 ), but, unlike FE65, the FE65L1 and FE65L2 interactions with APP do not activate APP-dependent transcription (Tanahashi and Tabira, 2002; Chang et al, 2003) . As we only observed cortical phenotypes in mice lacking both FE65 and FE65L1, there is insufficient evidence to implicate transcriptional dysregulation as an underlying cause for neuronal overmigration in FE65
À/À knockout mice. Nevertheless, the similarity of phenotypes in both these mouse mutants suggests that FE65-dependent molecular events may occur downstream of APP in response to events at the cell surface. In this regard, a recent study showing that APP and FE65 contribute to notch signaling (Fischer et al, 2005) suggests that impairment of notch-dependent interactions between neurons and glia may contribute to the similar phenotype of compound APP and FE65 family defects, respectively. Our results show that axons from thalamocortical neurons are misrouted from the CSPG-rich subplate into the developing cortical plate of FE65 À/À ; FE65L1
À/À mice. Thalamocortical axon outgrowth occurs in the subplate before production of axon collaterals that begin to radially enter the cortex at E16 (Bicknese et al, 1994; Del Rio et al, 2000) . In reeler mice, the trajectory of thalamic fibers is normal until they reach and enter the cortex in diagonal fascicles, where they extend throughout the entire thickness of the cortex to accumulate in the superplate, which contains the cells normally found in the subplate of WT brains (Molnar et al, 1998) . Ectopic fibers expressing the neural cell adhesion molecule, L1, were found to extend into the cortex in a radial orientation in developing E16.5 FE65 Intriguingly, aberrant fiber projections from the intermediate zone through the cortex toward ectopic neurons residing in the marginal zone were reported in laminin-deficient mice (Halfter et al, 2002; Moore et al, 2002; Beggs et al, 2003) . Thus, the presence of two distinct phenotypic manifestations that can arise from laminin defects in the FE65 À/À ; FE65L1 À/À mice provides strong evidence for the role of these scaffolding proteins in modulating neuronal cell positioning through their indirect effects on neuronal cell adhesion. FE65 also interacts with Mena and Evl, proteins involved in actin cytoskeleton remodeling of neuronal filopodia and fibroblast lamellipodia (Ermekova et al, 1997; Lambrechts et al, 2000; Bear et al, 2002; Lebrand et al, 2004) . Callosal agenesis in Mena-deficient mice resulted from axonal projection failure across the midline, and increased rates of neuronal migration, resulting in neurons that are localized to more superficial layers of the mouse cortex, were observed for neurons in which the Ena/Vasp proteins were neutralized (Lanier et al, 1999; Goh et al, 2002 Marginal zone heterotopias and leptomeningeal glioneuronal heterotopias are common neuropathological abnormalities found in human brains with cortical dysplasia (Hirano et al, 1992; Mischel et al, 1995) . Cobblestone or type II lissencephalies are characterized by leptomeningeal heterotopias that are often associated with other CNS malformations and are found in congenital syndromes such as Fukumaya congenital muscular dystrophy, muscle-eye brain disease and Walker-Warburg syndrome (Ross and Walsh, 2001 ). Although we have exclusively focused on the roles of FE65 and FE65L1 in the CNS, it should nevertheless be noted that defects at neuromuscular junctions have been reported in both FE65-and APP-deficient C. elegans Bimonte et al, 2004) and in the APP/APLP2 double knockout mice (Wang et al, 2005) . Taken together, these findings suggest that the FE65 protein family may mediate multiple developmental and tissue-specific functions through a molecular pathway that participates in cortical neuronal development as well as in the regulation of muscle function, a shared feature of many of the type II lissencephalies. 
Materials and methods
Generation of FE65
Antibodies
The pan-FE65 antibody generated against a glutathione S-transferase-FE65L1 fusion protein was previously described (Chang et al, 2003) . The Tuj1 (Covance), anti-NeuN (Chemicon Int.), GFAP (Sigma-Aldrich) and CD-45 (Serotec) antibodies were used to stain immature neurons, postmitotic neuronal nuclei, glia and microglia, respectively. Antibodies directed against EHS-laminin and chondroitin sulfate modifications (both from Sigma-Aldrich) were used to detect extracellular matrix (ECM) proteins and reelin antibodies (G10, a gift from A Goffinet, University of Louvain, Belgium) detected secreted reelin and reelin-positive cells (de Bergeyck et al, 1998) . APP antibodies included 22C11 (Chemicon Int.) and A8717 (Sigma-Aldrich). Anti-TAG-1 (Developmental Studies Hybridoma Bank) and anti-L1 antibodies (Chemicon Int.) were used to stain corticofugal and thalamocortical neurons, respectively.
Histology and immunohistochemistry
Mice were deeply anesthetized and perfused with PBS and 4% paraformaldehyde (PFA). Brains were dissected and immersed in 4% PFA for 4-16 h. Embryos were immersed in 4% PFA/PBS for fixation. Paraffin-embedded coronal sections were used for hematoxylin and eosin (H&E) staining, silver staining (Fink and Heimer, 1967) and some immunohistochemical (IHC) staining. Frontal and parietal cortex embryo brain sections were collected and a single slice representative of a group of at least 10 serially sliced sections was stained with H&E to localize foci of heterotopic neurons. Adjacent slices were used for IHC staining of CSPGs, laminin, reelin, APP (A8717) and NeuN. Coronal cryostat sections obtained from tissue submerged in 30% sucrose overnight at 41C and embedded in OCT (Electron Microscopy Sci.) were used for IHC staining of Tag-1, L1 and b-tubulin. Primary antibody detection for IHC staining was performed with biotinylated goat anti-rat, rabbit or mouse secondary antibodies, ABC solution and diaminobenzidine using Vectastain and MOM kits (Vector Labs) and counterstained with hematoxylin or with fluorescent secondary Alexa Fluor 546 goat antibodies (Molecular Probes) and counterstained with DAPI (Sigma-Aldrich). The biotinylated lectin from Ricinus communis, RCA-1 (Vector Labs), was used to stain leptomeningeal fibroblasts and endothelia (Hartmann et al, 1999) .
Immunocytochemistry of primary meningeal fibroblasts
Meningeal fibroblasts were isolated from WT and FE65
À/À ; FE65L1 À/À E16.5 embryonic cortex. After reaching confluency, fibroblasts were passaged and cultured for 3 days before fixation in 4% PFA for immunocytochemistry and WT cells were extracted for total protein. Glial contamination was undetectable in these cultures by immunocytochemistry using anti-GFAP and anti-CD45 antibodies. Double staining of WT and FE65 À/À ; FE65L1 À/À fibroblasts was performed with an anti-laminin antibody followed by Alexa Fluor 546 goat anti-rabbit antibody and phalloidinconjugated Alexa Fluor 488. Images were captured using a confocal microscope (Zeiss Axiovert 200).
Ab measurements
Mouse brains were homogenized in 9 volumes of 0.2% diethylamine in 50 mM NaCl using a Potter-Elvehjem homogenizer. Homogenates were centrifuged at 100 000 g for 1 h and the supernatant was neutralized with a 1/10 volume of 50 mM Tris-HCl (pH 6.8). Abx-40 and Abx-42 ELISAs were performed using the BNT-77/ BA-27 (Abx-40) and BNT-77/BC-05 (Abx-42) system (Duff et al, 1996) .
Supplementary data
Supplementary data are available at The EMBO Journal Online.
